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Trilepton Higgs boson signal at hadron colliders
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Most Higgs boson searches pursued at hadron colliders require Yukawa interactions either in the production
or the decay of a Higgs boson. We propose a trilepton Higgs boson search based only upon the gauge
interactions of the Higgs boson. This strategy can be utilized successfully for the standard \ddeliggs
boson as well as nonstandard Higgs bosons which break electroweak symmetry but have little to do with
fermion mass generation. The trileptons come fidh production followed byWh—WWW?*) — 3| decays.

A SM Higgs trilepton signal would be difficult to detect at the Fermilab Tevatron collider: with 100db

data, only a @ signal above background can be achieved after cuts if 140<33Agm< 175 GeV. Some
discrimination of signal over background can be gained by analyzing the opposite sign diepdstribu-

tions. At the CERN LHC with 30 (100) fi* a clear discovery above therSevel is possible for a Higgs boson

mass in the range 140-18325-200 GeV. Prospects for a trilepton Higgs boson discovery are greatly
improved for models with nonstandard Higgs boson sectors where a Higgs boson couples preferentially to
vector bosons rather than to fermiohS0556-282(198)01709-3

PACS numbes): 14.80.Bn, 12.15-y, 12.60.Fr, 14.80.Cp

I. INTRODUCTION structed above background by also tagging on a charged lep-
ton from theW decay. With 30 fo? of integrated luminosity
The mechanism for electroweak symmetry breaking ist appears possible to discover the Higgs boson inltite

still a mystery. The standard model solution of a single conmode at the Tevatron if its mass is below about 120 GeV
densing Higgs boson doublet is merely a postulate whicl5 6]. Discovery of a SM Higgs boson via the associated
presently happens to not be in contradiction with data. Theyroduction mechanism is also possible at the CERN I[AIC
standard modelSM) Higgs boson k2,) signatures at lepton, for mye <125 GeV if an integrated luminosity of 30 1h is
photon, and hadron colliders have been thoroughly St”diegccun*fglated.
[1,2]. Important modes of discovery have been identified, ~iher topology searches can discover and effectively

and it appears likely that a standard model Higgs boson willoaqre the mass of the light standard model Higgs boson.
be seen up to about 1 TeV at the CERN Large Hadron COIHowever, one should carefully study all possible modes of
I|der.(LHC). . 0 - . detecting the degrees of freedom arising from electroweak
D|SCO\+/er7y of a light hsp, is ,beSt accompllshed at the symmetry breaking since we do not presently know exactly
CERNe"e" collider LEP2, which ought ultimately to be oy this' symmetry breaking is accomplished or how it will
sensitive tompo <Mz . If 160 GeV=myp <800 GeV; then  ghow up experimentally. In some cases, the secondary or
discovery should be possible at the CERN LHC by searchingertiary modes for detecting the standard model Higgs boson
for the “gold-plated” decayhgmﬂzz(*)ﬂm which allows  become the most important discovery modes for the actual
for a Higgs boson mass reconstruction. M, =<m;po mechanism nature has chosen. Therefore we study another

<150 GeV(the case of an intermediate mass Higgs bigson method to search for the Higgs boson. Namely, as the inter-

then discovery is perhaps best accomplished at the CERRi‘edif‘}e mass Higgs boson gets heavier, its d‘?cays into
LHC via a search foh®. —yy [3]. In the procesgg—h®_ WW*) get larger and can become relevant. Sometimes these

: decays will lead to two leptons and missing energy from
the total cross section peaks at about 50 fbrigp ) .
vy P g, hS WW*) —|plv. If the associatedV decays leptoni-

. m
=130 GeV. The cross section reduces to about 25 fb a&jllly one is left with a trilepton signature with missing en-
My =150 GeV. The background is continuumd—yy  grgy: W - WWW?*) 3l +E;. The backgrounds to this
production, which can be overcome with excellent photonprocess are small but important and will be discussed in the
energy resolution—a feature planned for both detectors aections on the Fermilab Tevatron and LHC search capabili-
the LHC[4]. ties below.

A SM Higgs boson discovery could also be possible atthe The trilepton Higgs mode is unique among Higgs signa-
Fermilab Tevatrorpp collider. Directs-channel Higgs bo- tures at hadron colliders in that it occurs only by gauge in-
son production at the Tevatron does not lead to any signalgractions. Some studies have been carried out Vibr
observable above background. However, by focusing on-|yyy[8,5,9], which is also allowed by purely gauge inter-
Higgs boson production in association with a vector bosormctions. However, this process is usually only applicable for
(qQ—>Wh2m), a mass bump fronmgm—>bb can be recon- Higgs boson masses below 100 GeV—a mass region that can
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about 130 GeV. Above 130 GeV thWW*) becomes com-
petitive and eventually dominates the decay modes of the
standard model Higgs boson.

Each of the standard model decay modes plays an impor-
tant role in standard model Higgs boson phenomenology. For
example, thehgm—>gg decay is directly related to thgg
—h?, production cross section which is so important for the
LHC searches. Likewise tvam—> vy mode is important as a
decay mode since a peak of the distribution can be re-

v RN ] solved from background with good photon resolution. At
ros R leading order,
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FIG. 1. Decay branching fractions of the standard model Higgs e branching fraction int@ Z*) becomes important for
boson. the “gold-plated” 41 Higgs boson decay mode with the in-
variant mass of all four leptons reconstructing the Higgs bo-

be covered effectively by LEP2 searches in the next year Son mass. At the Tevatron and also at the LHC\thehgm

The h? requires Yukawa interactions for the pro- .
99— Ny vy requires Yukawa I P9 | ,bb mode is relevant because of the larg —bb

. -+ O . . .

QUctlon, Pp—W=hgy—| vbborequwes Yukalwa.mteracuons branching fraction for a Higgs boson with mass below 130
in the decay, and eveyg— hg,,—WW* studied in[10-134, 5oy

which utilizes the Sar_negm_’ww__’l”lv decay, requires The gg and yy branching fractions are loop mediated
Yukawa interactions in the productidanlessmyo is very  decays, and it is quite likely that they could be substantially
high and thenWW fusion becomes importantSince pp  modified if there were new physics running around the loops.
—W=*h2 -3l only requires gauge interactions it could In the case of supersymmetry, the present mass limits pre-
probe some Higgs bosons that the other detection mode@ude the possibility of substantial alterations of standard
could not if there are scalar degrees of freedom associatgtiodel predictions from new particles in the loops. The most
with electroweak symmetry breaking that have little to doimportant effect in the MSSM is the extended Higgs boson
with fermion mass generation. It is partly for this reason whysector which allows more complicated couplings to the stan-

we consider it important to study this trilepton signal. dard model particles through mixing of the additional Higgs
bosons. This is especially true for large f@models. Al-
Il. HIGGS BOSON DECAYS TO LEPTONS though large tar8 models are somewhat finetuned, they nev-

ertheless are required by some attractivg®pgrand uni-
In the standard model the branching fractions of the Higgsied models withb— 7—t Yukawa unification13].
boson are presented in Fig. 1. Thk mode dominates up to The neutral scalar Higgs boson mass matrix is

m3 sir B+m2 cog B —sin B cos (M3 +m3)
—sin B cosB(ma+m3) ma cof B+m3 sir? B

)

(All AIZ)
A12 522.

The first term is the tree-level contribution to the mass ma-This limit is only possible for ta8=30, and so the lightest
trix and the second term is the one loop contribution to theeigenvalue is well approximated by the valueg+A,,
mass matrix. The values of th¥s can be found in several which |mp||esmho> 100 GeV g|Ven current Squark bounds.
places including if14]. As tang gets higher the value of
m2 sin 8 cospB gets smaller, and typically the value df,
ggts Ia'fger l‘lg'hgus it is possible t)c/)phavg a cancellatltlnzn be- electroweak symmetry breaking. . :

tween the tree-level contribution and the one-loop correction In Fig. 2 we plot the %Iecay bfa”Ch'”Q fract|onos for an
such thatM2,=0. In this extreme case, the two eigenvalues€Xt'eme case whereS,=h{, versusmyo. Since theh, has

Furthermore(HO)—uu—v and soh{ acts as a spectator to

are purehﬁ and hg with masses no tree-level couplings to thie quarks its partial width into
them is negligible. However, the partial widths d@, vy,
mﬁo: —m3|cos B|+ A, tan B+ A4, (3 WW, etc., are not appreciably affected. Therefore, the

branching fraction intoVW* becomes even more signifi-
cant. For a Higgs boson mass of 100 GeV Itiﬁebranching
fraction intoWW* is more than eight times that &f,,, For

mho_mZ|COS P+ ang a Higgs boson mass of 120 GeV this enhancement factor

+A5. (4)
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FIG. 2. Decay branching fractions bﬁ Higgs boson. FIG. 3. The upper line is the total next to leading orbér hsm

cross section at the Tevatron with 2 TeV center of mass energy. The
lower line is the total three lepton cross section frami-h2,

drops down to about four times, and for 140 GeV itis a Iittle_>3|

less than a factor of 2 enhancement.

This suppression of thieb mode for high tarnB models is

somewhat generic even when the cancellation between tl"f@dlditdhas behean_Ieter?ined Fpgthw(ijth 30]fbk§>f|datil2%ng Vv
tree level and one loop corrections are not ex&i. Thisis ~ cou'd detect the Higgs boson It it had mass below ev.

true when the tree-level and one-loop contributions are Op\bove 120 GeV not only does the cross section decrease but

opposite sign to each other, usually implying a particularthe branching fraction intb quarks drops as well. If there is

sign for theu, parameter. The other sign of theparameter any hope to see_the standard model Higgs boson_at the higher
will generally lead to a much enhancdsh Higgs boson masses, one will need to study the more dominant decay

0 .
branching mode in supersymmetric models, making th odehg;—WW" and hope that a signal above background

WW decay mode less important. Discussion of supers m9Ould be found. . L
y P persy The subprocess total cross section Wh‘s’m is given by

metry and the light Higgs boson together is appropriate since

it can be shown that even the most complicated Higgs boson - .

sector will yield at least one light eigenvalue below about g*MENTA(S,mio ,ME)[Dw(3)?

150 GeV provided the gauge couplings remain perturbative &(dU—>W*hgm)= o

up to the grand unified theo@GUT) or Planck scalg¢16]. 192ms
Many models which have more than one degree of free-

dom contributing to electroweak symmetry breaking will

yield nonstandard-model-like branching fractions for the x| 1+

lightest Higgs particle, and can yield an enhand&\*

branching fraction. The effect is most pronounced if fermion

mass generation is largely separated from electroweak symvhere  \(a,b,c)=a’+b?+c?—2ab—2ac—2bc  and

metry breaking—a possibility that is certainly not unreason-D(S) = 1/(s— M\2,\,+iMWFW). We convolute the above

able[17]. In this case at least one scalar will have largersubprocess cross section witheQ4parton distribution func-

branching fractions into vector bosons than the standartons, and scale our results so that they are in accord with

model Higgs boson. In the extreme case of a “bosonic”recently calculated next leading ord®&1.O) QCD cross sec-

Higgs boson, the branching fractions 4 dominate with  tion calculationg19]. In Fig. 3 the upper line shows the total

Higgs boson mass below 90 GeV and iN&\(*) branching  next-to-leading order cross section fpﬁﬁwihgm at the

fractions begin to dominate for Higgs boson mass above thatevatron with \/522 TeV. Below that we have multiplied

[18,5]. Many of the results that we will show below will be  the cross section by the branching fraction of the Higgs bo-

using the standard model as a primary example, but it shoulgon to decay t&WW*) and also multiplied by the probability

always be kept in mind that the significance of the trileptonthat each of the thre@’s in the event will decay t@v or

Higgs boson signal can be greatly enhanced if nature choosgg,, thus yielding a trilepton signal.

a somewhat more complicated symmetry breaking pattem. 14 calculate differential distributions, we calculage

—>I7h2m production using Monte Carlo integration. Spin cor-
IIl. TRILEPTON HIGGS BOSON SIGNAL relation effects are included by using the squared_rﬂatrix el-
AT THE TEVATRON ements given by Baest al. [19]. For hS, —~WW=1,v,1,v,
decay, we implement the spin correlated matrix element
Since single production dfg, via gg—hd;, does not lead  given by Bargeret al. [11]. The three final state leptons are
to observable signals at the Fermilab Tevatron collider, th@enerally highly energetic and isolated. The events also have
main production mode of interest for the Higgs boson isa substantial amount of missitfigy associated with them. To
pp—W* —W=hJ, [5]. In the Introduction we noted that the demonstrate this, we show in Fig. 4 the lepnand miss-
| vbb decay mode of this process has been studied in detaihg E for mpo = 160 GeV.

A(3,mi0 ,M2)

, ©)

125M§,
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models as a function of the Higgs boson mah;g‘h. is the purely

FIG. 4. Leptonp; and missingE- distributions fromw=h0_~ bosonic coupled Higgs bosomg, is the electroweak symmetry

.3l at the Tevatron. The Higgs boson mass is 160 GeV in thidreaking Higgs boson of a top quark condensate mdifels the
figure. “up-Higgs boson” of high tanB supersymmetry models which do

not couple to down quarks or leptons; atnﬁ;{1 is the standard model

. . Higgs boson.
At the Tevatron the main background is expected to be

from WZ production[20] where theW decays taee or u, and

the Z decays to two leptons. We include QCD corrections tol00 fo* the 3r range corresponds to about 140 GeV
our WZ background estimatf21]. To reduce backgrounds, =Mn? =175GeV.

we employ the following cut$20]: (1) three isolated and The trilepton Higgs boson signal significance is plotted
central (7|<2.5) leptons withpr=(20,15,10) GeV for the versusmo for different Higgs boson models in Fig. B}, is
three leptons in descending order @f; (2) Er>25GeV;  the purely bosonic coupled Higgs bospiB,5]; hd, is the

(3) the invariant mass of the opposite-sign, same-flavor lepelectroweak symmetry breaking Higgs boson of a top quark
ton pair not reconstruct to the boson massmi+-—mz|  condensate modéL7]; hQ is the “up-Higgs boson” of high
<10 GeV; (4) no jets in the event. The jet veto typically tan g supersymmetry models which do not couple to down
reduces purely electroweak sources of trileptons by a faCtO(ﬁuarks or leptons; antl®_is the standard model Higgs bo-
of 2[20], while reducingtt background to levels well below son The nonstandard Higgs bosons have higher significance
that fromWZ production. We incorporate a jet veto factor of 4 |ower Higgs boson mass because the branching fraction
0.5 in our parton level signal generator. After all the cuts are3(ho, WW*) is much higher for these Higgs bosons than
applied the background is reduced to 0.25 fb. the standard model Higgs boson. When 160 Gei,o

In Fig. 5 we plot the trilepton signal after cuts. The reduc-_ 00 Gev the branching fractions inWW* are about the
tion of the signal varies from 0.25 to 0.41 in the plotted g5 a for all Higgs boson models.

Higgs boson mass range. Also in Fig. 5 we have put 3 pyen when the signal significance is marginal, it stil

. 71 . 71
discovery contours for 30 ff and 100 fb*. With 30fb*a might be possible to extract evidence for a Higgs boson by
3o confidence on a discovery does not appear possible. W'tl?)oking carefully at the lepton kinematics on an event by

event basis. For example, the main background arises from

[T WZ when theZ decays tor* 7~ and the7's subsequently
03 Tevatron 2 TeV 7 decay leptonically. In this case, the leptons from ttaecay
—_ B S [ E will be softer than any of the leptons in the signal. One
< 80 with 30 1b 1 variable that might be useful to analyze is what we call
g . pr(0OY9). Itis defined to be
2 0.2}- -
*0;3 : eXo(Wihg,+31) 1
’ T T T B0 with 10067 N_ ] pr(0S)=min{p:(17)+pr(17),pr(1*)+pr(17)}. (6)
Among the backgroundVZ—I1*11; event sample, the
i unique charge leptori t) must come from a lepton in the
T decay. The other two leptons with opposite charge come ei-
120 140 160 180 200 .
mye (GeV) ther from theW or Z. Generally, the lepton from th2 will
sm be softer than the one from thW. Therefore,p;(0OS) usu-
FIG. 5. The solid line is the total Higgs boson trilepton cross ally sums ttheET,S of the two leptons which come from
section after background reducing cuts. The dash-dotted line is thé—7" 7 —I1717. In Fig. 7 we plot the distribution of

30 discovery contour given 30 fi§ of data, and the lower line is p7(OS) for the WZ backgrounddashed lingand the signal
the 3r discovery contour given 100 8 of data. (solid line) with m,,0 =160 GeV.
sm
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FIG. 7. Distribution ofp1(OS), which is defined to be the mini- FIG. 8. The upper line is the total next to leading ortiéth?, |

mum p; sum of opposite sign leptons in thé 8vents. The solid cross section at the LHC with 14 TeV center of mass energy. The
line is the distribution from th&Vhl — 3l signal, and the dashed lower line is the total three lepton cross section fraft h,

line is the distribution from th&VZ background. Events with high —3I.

pt(O9) would provide strong hints for th&/h— 3l signal.

. . The lack of hadronic activity in the partonic subprocess
. Ffo’.“ Fig. 7 it is clear that ther(OS) spectrum for the {5 the signal provides a useful tool for overcoming back-
signal is much harder than that of the background. The total .o \nds. The main background at the LHC is agaimnd
number of signal trilepton events expected at the Tevatron i 7 production. These backgrounds can be reduced by re-

quite small, and as shown earlier one does not expect to g Viring 23] (1 L. 1. 12)>(20.20.10) GeV(2) no cen-
statistically compelling signal for the standard model Higgs?rarm(?nﬂ <]3§ )jgth( 1Wéh 32) >(25’Ge’V )(3) |r£1)+ -—my|
boson with less than 100 8. However, if there are a hand- _g sev These constitute the “coft” cuts algzlainst back-

ful of trilepton events and several of these events hav%round of Ref[23], leavin
i ) , g a total background rate of 4.3 fb.
p1(0S =70 GeV then this would be a powerful hint for the The “hard” cuts which further reduce thtat_background

presence of the signal. If several events showed up witfl](ee ; ;
g i p events only if the two fastest leptons are the same sign

Pr(0S)>100 GeV then the possibility that it came fraMZ = 5 'the third lepton has the same flavor as either the first or

background fluctuations would be extremely small, and thesecond leptonpr if the two fastest leptons have opposite

evidenc;e for a signall would be intriguing. To get two or sign and the third lepton hapr>20 GeV. With these

more signal events with such large(OS) would also need “hard” cuts the background is reduced to 1.1 fb which

to be somewhat of a lucky fluctuation. With 30 fhthe ex- . . —
mainly comes fromWZ production whereZ— rr—ll

pected number of signal events after all cuts and wit L s
pr(09>100 GeVv |s.about 0.8 events fmf_‘gm: 160 Gev. ) In Fig. 10 we have plotted the next-to-leading order signal
Therefore, a fluctuation of two or more signal events with¢ross section after employing the cuts described in the pre-

Pr(09>100 GeV has a reasonable probability of occur-yious paragraph. Thedsdiscovery contours are shown as-
ring, whereas the background has a negligible probability 0§yming 30 fis* and 100 fio. For 30 fb-* (100 fo %), it ap-

producing two or more such events. pears possible to see a Higgs trilepton signal for 140 GeV
IV. TRILEPTON HIGGS BOSON SIGNAL AT THE LHC R 0.8 e eI 8 e
At the LHC thegg—h2.— vy mode is perhaps the most ,‘:i' 0.5~ () 1 05E- pelly)
promising way to discover an intermediate mass SM Higgs; 0.4 r[ 5 04F —
boson. Indeed, even the lightest supersymmetric Higgs bosorg 0.3 J - o3k —
has excellent prospects for being discovered in this mode s 02 3 o2E 3
[22,15. However, other modes have been studied, and it ha.\‘;> o1E E i
been shown, for example, th#¢“h—Ivbb may also be = 0.0 Budindinbio Dl g o Bucliliolinlirderd
utilized to detect a Higgs boson if its mass is below about "0 20 40 60 80 100120 0 20 40 60 80 100120
120 GeV. - 0-63"'1"' SR N B 0‘6;'”I'"'I""I"”I"“l”'f:j
The trilepton Higgs boson signal at the LHC provides a E 05F~ pr(t) | 0.5~ Ey{miss) E
complementary way to detect a Higgs boson in the interme- ; 0.4 ERLG —
diate mass region. In Fig. 8 the upper line plots the total & 0.3 - o03E- de —
next-to-leading ordeWih(S)m production cross section for the & 02f 1 — ozE 7
standard model Higgs boson at the LHC Wu’E: 14 TeV. § 0.16 3 o1k 3
The lower line is the total three lepton cross section after all 0.0 bl o dilibedd o g ELuobiaialilind
branching fractions have been folded in. In Fig. 9 we show 0 20 40 60 B0 100120 O 20 40 60 80 100120

the lepton pr and missing Er distributions  for mhgm FIG. 9. Leptonp; and missingE+ distributions fromw=h?
=160 GeV. — 3l at the LHC. The Higgs boson mass is 160 GeV in this figure.
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FIG. 11. Invariant mass of opposite-sign or same flavor dilepton
<m0 <185 GeV (125 Ge¥ m,o <200 GeV) at the LHC. pairs from the Higgs boson trilepton signal at the LHC fnﬁgm
sm sm

In addition, the Higgs boson trilepton signal covers the dif-_140’ 160, and 180 GeV.

ficult region 150 Ge¥=mpo <180 GeV where theh) ~ variable discussed in Sec. lll. The distributionmf(OS) is

o softer for the background than for the signal, and can be used
to further determine if a trilepton Higgs boson signal is
present in the data.

We also found that at the LHC with 301h (100 fb' %), a

— vy signal is rapidly diminishing, anhgm—>ZZ* is pro-
ceeding at a low rate with one off-she&llboson.

One difficulty with the trilepton Higgs boson signal at the
LHC is that a Higgs boson mass reconstruction appears dif- " . . . .
ficult since thereggre two neutrinos in the Higgs bozl?)n decay’ d|scovery can be made for the Higgs boson in the trilep-
products. However, the invariant mass of the opposite sign—on mode in the mass range 140 Gtemhgms 180 Gev
same flavor dileptons frorhd,, decay will be kinematically (125 GeV=mye =200 GeV). Reconstructing the Higgs bo-
bounded bymho , and the distribution should scale with son mass will be difficult, although some guidance can be

_We show the idealized distribution in Fig. 11 for sev- Obtained by examining the invariant mass distribution of op-

eral choices of Higgs boson mass. Figure 11 always assum osite sign-same flavor dilepton pairs. Other possible tech-

the correct choice of dilepton pair in reconstructing the in- ?qgfﬁe?ar\:;gssenazr;ielgttgg I\?wg\?‘ Qk]lo L WWW might
variant mass. Even for this idealized case, a mass reconstruc: sm 9

tion would be difficult given the expected number of eventsFISO ue usffm to StUth%S cobr:ﬂrtmlng evidence for al ilgnal
from a signal channel. or example, one might be able to see an excess in like-sign

dilepton samples, such ds'|*jj+E;. Furthermore, the
Zhgm production and decay could also be useful to analyze in
several channels includingl *1’ ~+ E;. The statistical sig-
We have shown that adg3trilepton SM Higgs boson sig- nificance of these other modes is not as impressive aslthe 3
nal can be found at the Tevatron with 100 iin the range  signal discussed above, but it might be possible to use them
140 GeVmyo <175 GeV. Models of electroweak symme- to bolster the claims for a signal in thé 8hannel and to get

try breaking beyond the single Higgs boson postulate of th& better handle on the Higgs boson mass.
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